INTRODUCTION
rhythmic discharges in the gamma frequency band. [9] [10] [11] [12] [13] [14] [15] Non-invasive EEG and magnetoencephalographic (MEG) recordings in humans have also demonstrated gamma rhythms in relation to auditory, 16, 17 visual, 18, 19 and somatic stimuli. 20 Fast oscillations also occur spontaneously during behavioral states characterized by alertness [21] [22] [23] and during paradoxical sleep in animals [22] [23] [24] as well as in man. 25 These studies have shown the importance of synchronous activity and temporal coupling between neuronal assemblies for sensory binding therefore coherent activity has been proposed to integrate dispersed information into a cognitive experience by providing a global mechanism that binds sensory inputs by their temporal coincidence. 10, [26] [27] [28] The ubiquity of coherent fast oscillations in the mammalian central nervous system, their prevalence in activated states, and their relation to sensory stimuli, have led to the proposition that coherent activity within this frequency range is an intrinsic property of the brain and the basis for broader functions such as cognition and consciousness. 17, 18, 20, [25] [26] [27] [28] [29] The importance of coherent resonance for cognition has been extended to other bands of the EEG. 29 If coherent activity and temporal correlation among brain regions are involved in sensory integration and information processing, then any change in the occurrence and properties of rhythmic activity or disruption affecting coherent activity, would result in distortion of cognitive activity. In fact, dreaming activity during PS is characterized by bizarreness, discontinuities and contextual incongruities in time, space, and characters, 8 and sleep is accompanied by changes in temporal coupling as revealed by coherence and cross-correlation analyses of electrical activity.
In four previous independent studies we have observed that temporal coupling assessed by cross-correlation of EEG activity among cortical regions is modified during sleep in comparison to wakefulness in man, [30] [31] [32] and in rats. 33 Interhemispheric correlation (INTERr) is higher during PS, while intrahemispheric correlation between regions of the same hemisphere (INTRAr) is lower than during W. However, in these studies fast activity was not analyzed. These results in general agree with Dumermuth and Lehmann 34 and with those more recently reported by Achermann and Borbély. 35 Coherent thalamo-cortical activity in the gamma frequency band has also been reported during PS in cats, 36, 37 and in cortical MEG activity in man. 25 In addition to bizarreness, discontinuities, and contextual incongruities, there are other differences between dreaming and cognitive activity during W that have received poor attention. Cognitive processes during W are characterized by more or less well-defined purpose or goal-directed thinking. In contrast, during PS there is a lack of control over plot (the dreamer does not know what follows) and lack of purpose, or at least it is not evident; attention is rigidly focused and scanning of the external and internal environment is poor; temporal flow is altered; evaluation and judgment of perception, action, and consequences are missing and bizarreness is passively accepted, while perceptual accuracy is preserved. 38 Now, goal-directed behavior, sequencing of temporal information, evaluation and judgment, congruence with social context, and contrasting the model with reality are cognitive processes related to prefrontal lobe functions. [39] [40] [41] The above alterations of cognition during PS mimic frontal lobe functioning disorders and, in fact, metabolic rate of prefrontal lobes is decreased during PS. 4, 5 Since coherent activity is involved in sensory integration and fast activity is functionally related to information processing in the brain, and since cognitive activity during dreaming mimics frontal lobes dysfunction, then it may be hypothesized that temporal coupling of fast activity between frontal lobes and perceptual regions will be altered during PS in comparison to wakefulness, whereas temporal coupling among perceptual regions will be similar to wakefulness. The main objectives of the present study were to explore temporal relationships between EEG activity of frontal and perceptual regions, particularly for fast activity and to corroborate previous findings on EEG correlation by analysis of longer periods, since previous results were based on only a few seconds and gamma activity was not analyzed.
METHOD
Eight adult right-handed male volunteers between 23 and 30 years of age, with regular sleeping habits, apparently in good health and free of drugs, medications, or caffeine intake as assessed by an interview and questionnaires on sleeping habits and health, participated in the study. They spent two consecutive nights at the laboratory, the first one for adaptation to recording procedures.
Electrical activity was monopolarly recorded from Fp1, Fp2, F3, F4, C3, C4, T3, T4, P3, P4, O1, and O2 referred to ispilateral earlobes, from left and right eye referred to A1, and bipolarly from chin muscles on a Grass model 8-20E polygraph with EEG filters set at 1 and 70 Hz, during spontaneous sleep from the second night spent at the laboratory and from previous wakefulness with eyes closed. Polysomnography was paper recorded and EEG activity was continuously captured overnight on a PC computer through an analog-to-digital converter of 12 bits resolution with a sampling rate of 256 Hz for off-line analysis.
Wakefulness and sleep stages were identified on the paper recordings and on the stored EEG in the PC according to the standardized manual for sleep scoring. 2 Ten minutes of EEG from continuous stage 2 (S2), stage 4 (S4), and PS from the second cycle of the night and two minutes from W with eyes closed prior to sleep were selected and inspected for artifacts. The 10 minutes were selected after three minutes of installation of the respective sleep stage. Second cycle was defined as the time comprehended between first and second PS episodes of the night, and a PS episode was defined as uninterrupted PS activity at least for five minutes. 42 The second cycle of the night was selected for analysis because S4 is scarce in later cycles and PS is short in the first cycle.
All artifact-free, two-second epochs, were Fast Fourier transformed and EEG correlation spectra were obtained by means of Pearson product-moment coefficients 31 with 1 Hz resolution from 1 to 50 Hz for each subject, physiological state, and pair of derivations (interhemispheric correlation [INTERr] between left and right homologous derivations: Fp1-Fp2, F3-F4, C3-C4, T3-T4, P3-P4, and O1-O2 and intrahemispheric correlation [INTRAr] between all pairs of derivations from the same hemisphere: Fp-F, Fp-C, Fp-T, Fp-P, Fp-O, F-C, F-T, F-P, F-O, C-T, C-P, C-O, T-P, T-O, and P-O for left and right combinations). Since the sampling rate of 128 Hz gives poor resolution for higher frequencies, they were not considered for further analysis.
Differences between physiological states and pairs of derivations were tested by means of two-way ANOVAs for repeated measures, one for each Hz, with W, S4, S2, and PS as one variable, and pairs of derivations as the other variable. Correlation values of each Hz were transformed to Fisher´s Z scores previous to any statistical test. For post-hoc comparisons, Tukey´s Studentized t-tests were used. This statistical treatment involves a high number of ANOVAs, therefore, reduction of information was needed. Principal component analysis (PCA) reduces the number of variables gathering together the frequencies that covary together and separating them from those that are orthogonally independent. 43 Correlation spectra from 1 to 50 Hz from S2, S4, PS, and W were submitted to PCA, one for INTERr and one for INTRAr, with correlation values for every frequency and pair of derivations as variables. Varimax rotation was used. Differences between physiological states and pairs of derivations were again tested by means of two-way ANOVAs for repeated measures, one for each eigenvector, with W, S4, S2, and PS as one variable and pairs of derivations as the other variable. For post-hoc pairwise comparisons Tukey´s Studentized t-tests were used.
RESULTS
Sleep architecture of the first three sleep cycles of the night, (shown in Table 1 ), indicates that the data submitted to analysis came from typical sleep of young adults. 44 A total of 1.24 minutes (SD=00.13) from W, 10.42 minutes (SD=0.29) from stage 2, 10.56 minutes (SD=1.06) from stage 4, and 9.40 minutes (SD=2.13) from PS entered the analysis after artifact rejection. Figures 1 and 2 show the average interhemispheric and intrahemispheric correlation spectra from 1 to 50 Hz for W, S2, S4, and PS of the whole group and for all pairs of derivations. INTERr of all stages shows a frequency gradient with higher r for slower frequencies, an almost steady decline from 1 to 17 Hz and a flattened pattern from 18 to 50 Hz. INTRAr is in general, lower for slow frequencies and higher for high frequencies than INTERr. There is no frequency gradient during sleep. Stages 4 and 2 show a clear peak around 14 Hz which is absent during PS and W. The four stages show a peak around 3 Hz and an almost flattened pattern from 15 to 39 Hz and a slight increase from 40 to 50 Hz during W and S2.
ANOVAs (states x pairs of derivations) for INTERr showed significant differences for both, state and derivation main effects, for all frequencies (p<0.00001 for all cases) and significant interactions for 11 to 14 Hz (p<0.005 for all cases). Figure 3 shows the spectra of the differences among states. Post-hoc comparisons among states showed the following significant results. INTERr of slow and sleep spindle frequencies was significantly higher during sleep than during W (from 1 to 8 Hz and from 11 to 17 Hz in the case of S4, from 1 to 6 Hz and from 12 to 16 Hz in the case of S2, and from 1 to 8 Hz and from 13 to 16 Hz in the case of PS). INTERr for 10 and 11 Hz was lower during PS than during W. Significant differences between pairs of derivations are not described here since they follow the same differences as reported elsewhere. 33, 34 ANOVAs for INTRAr (states x pairs of derivations) also showed significant main effects for both main factors for all frequencies (p<0.00009 for all cases), and significant interactions for frequencies between 12 to 15 Hz and between 27 to 48 Hz (p<0.009 for all cases). Results from post-hoc comparisons for state main effects (shown in Figure 4 ) gave the following significant differences: From 1 to 8 Hz, INTRAr was higher during W than during the three sleep states. INTRAr showed similar values for all states for 9 and 10 Hz. INTRAr of spindle and beta frequencies was higher during S4 and S2 than during W (from 11 to 30 Hz during S4 and from 11 to 32 Hz during S2) PS also showed higher INTRAr than W for sleep spindle frequencies (from 12 to 16). For frequencies above 45 Hz during S4, from 33 to 44 Hz during S2 and above 31 Hz during PS, INTRAr was higher during W. S2 showed higher INTRAr than S4 for frequencies between 2 to 7 Hz, 13 and 14 Hz, and between 33 to 50 Hz. PS showed higher INTRAr than S4 for frequencies between 1 and 6 Hz and lower for frequencies between 11 and 14 Hz, and between 20 and 45 Hz with some isolated exceptions. INTRAr was similar during S2 and PS for slow frequencies, higher during S2 than during PS for 13, 14, and 15 Hz, and for frequencies from 22 to 50 Hz. Differences among pairs of derivations showed a distant gradient with lower values for farther distances, however, they will be not described here since they are similar to those described elsewhere. 31, 32 Correlations between frontopolar and occipital derivations were not considered for stage by derivation interactions post-hoc comparisons because correlation values were lower than r=0.10 for all frequencies. Results from post-hoc comparisons for stage by derivation interactions showed that INTRAr for 12 to 15 Hz was significantly higher during S4 and S2 than during W among left and right posterior regions (P-O, T-O, and P-T) and between left and right F-T and left F-P regions. The differences between PS and W were restricted to left and right P-O and F-T regions and between Fp-F of the left side.
Significant differences between both S2 and S4, and W for fast beta and gamma frequencies were restricted to left and right Fp-F regions with higher INTRAr during W, whereas PS showed significantly lower correlation than W in addition to left and right Fp-F regions, between left and right F-P, F-T, F-O, Fp-P and Fp-T (Fig. 5) and similar values to W among perceptual regions (Fig. 6 ). PCA analysis gave rise to three independent eigenvectors or factors for INTERr, explaining 82.36% of the total variance: a slow-wave band that grouped together delta, theta, alpha, and sleep spindle frequencies from 1 to 15 Hz, and two fast bands, one from 16 to 32 Hz and the other from 33 to 50 Hz. In the case of INTRAr, PCA gave rise also to three independent eigenvectors explaining 94.87% of the total variance: a slow band from 1 to 12 Hz and two fast frequency bands from 13 to 32, and from 33 to 50 Hz. The bands identified by PCA were very similar for INTERr and INTRAr and neither of them showed orthogonally independent components for the slow frequencies, delta, theta, alpha, and sleep spindle frequencies. Fast frequencies were grouped in both, INTER and INTRA, into two bands, very similar to traditional beta and gamma bands. The main difference between INTERr and INTRAr eigenvectors was found for sleep spindle frequencies from 12 to 14 Hz which were grouped together with the slow band in the case of INTERr and together with beta in the case of INTRAr.
Results from ANOVAs (states x derivations) also showed significant main effects for both main factors for the three eigenvectors of INTERr, and for the three eigenvectors of INTRAr (p<0.0009 for all cases) validating results obtained with ANOVAs for each Hz.
DISCUSSION
Results of the present study add new information on correlation or temporal coupling of fast frequencies during sleep and wakefulness demonstrating state-dependent and frequencydependent shifts in the pattern of correlation. The hypothesized decrease in temporal coupling of fast activity or gamma band during PS between frontal and perceptual regions was confirmed.
Visual inspection of interhemispheric correlation spectra showed high temporal coupling for slow (1-8 Hz) and sleep spindle frequencies (13-14 Hz) and a drop to about half the correlation values for beta and gamma. Intrahemispheric correlation spectra showed more homogeneous values for all frequencies with lower values for slow and higher values for fast frequencies than interhemispheric correlation. INTRAr showed clear peaks of correlation in S2 and S4 for sleep spindle frequencies, that are not apparent during W, while wakefulness showed a moderate peak in INTERr of fast alpha frequencies (9-10 Hz) and a drop in INTERr and INTRAr for spindle frequencies.
Coherent activity within fast beta and gamma frequency range between right and left homologous derivations, increased during the three stages of sleep, whereas intrahemispheric correlation decreased during sleep reaching the lowest values during PS in comparison to wakefulness. INTRAr between prefrontalfrontal regions decreased during S4, S2, and PS; however, it decreased exclusively during PS between frontal and perceptual regions (F-P, F-O, F-T) and between prefrontal-parietal and prefrontal-temporal sites of both hemispheres, while INTRAr among perceptual regions (P-O, P-T, and O-T) during PS maintained wakefulness values. In summary, the decrease in temporal coupling of fast frequencies was restricted to frontal-perceptual and prefrontal-perceptual regions during PS, whereas the decrease between prefrontal and frontal regions was common to the three sleep stages. Although no direct assessment of cognitive activity was made, present findings of decreased correlation in fast activity between frontal and perceptual regions during PS, indicate that the loss of temporal coupling in background electrical activity might be part of the mechanisms underlying cognitive alterations during PS dreaming related to frontal lobe functioning. Frontal and prefrontal regions participate in goal-directed behavior, planning and initiative, voluntary direction of attention, working memory, sequencing of temporal information, evaluation and judgment, congruence with social context, and contrasting the model with reality. [39] [40] [41] The lack of a proper temporal coupling between frontal and perceptual regions during PS might be responsible for the subjective feeling of loss of voluntary control of thinking and attention, for the lack of evaluation and passive acceptance of bizarreness, and for wrong integration of temporal sequences leading to contextual incongruities in time, space, and characters. However, the preservation of wakefulness levels in correlation of fast activity among perceptual regions might explain why perceptual clarity is preserved in PS dreaming. 45 These results are consistent with the postulated role for coherent activity within this frequency range as a common language of the brain involved in activated states and processing of information, and as a mechanism participating in the integration or binding of spatially separated but temporally correlated stimuli into whole events. 10, 17, 18, 20, [25] [26] [27] [28] [29] The differences between wakefulness and sleep, and among sleep stages here reported, are in general consistent with results previously reported based on correlation analysis of 10 two-second epochs from well-developed S2, S4, and PS from the second cycle [30] [31] and from other sleep cycles. 32, 46 They are also consistent with results obtained more recently with all-night coherence analysis. 35 Coherent activity of sleep spindle frequencies increased from wakefulness to sleep and from PS to SWS. EEG correlation was higher between both hemispheres as well as among regions of the same hemisphere, particularly between posterior regions of both hemispheres (P-O, P-T, and O-T) and between fronto-temporal regions during SWS. The increase in coherent activity of these frequencies during S2 and S4 might be related to the propensity to develop epileptic crises during SWS and not during PS. 47 Oscillatory mechanisms of the thalamus 48 and intracortical coherent activity have been related with the spatial propagation of epileptic activity 49, 50 and diazepam, which has anticonvulsive effects reduces interhemispheric correlation in rats. 51 Correlation values during both wakefulness and sleep, decreased with distance as reported by others 18, 31, 32, 49, 52, 53 The correlation values reported here (0.5 to 0.7) are higher than those reported for simultaneous field recordings in cat, 36, 37 rat, and rabbit cerebral cortex. 53 These discrepancies may be attributed to methodological differences, scalp versus intracortical recordings, different species and physiological states, but also to confounding effects of volume conduction of single current sources in scalp recordings. However, several experimental findings have shown that contribution of volume conduction to coherence is negligible. Coherence between close cortical sites separated by small distances (less than 0.2 mm) are very low when volume conduction should generate higher coherence values. 53 Small regions of high coherence surrounded by low coherence are often encountered, 54 and the fall of coherence with distance is not homogeneous in all directions as would be predicted from a homogeneous volume conductor. 52, 55 Arguments against the use of common reference for calculating coherence or correlation have been raised. However, it is important to observe that despite the possible confounding effects of reference used and volume conduction, there is a similarity between results obtained with bipolar references, 34, 35 and that despite volume conduction problems, consistent state-dependent shifts have been obtained. It is therefore unlikely that these factors can account for the reported correlation changes across physiological states reported in this study.
Another important methodological issue is that frequencies of gamma activity are within the range of electromyographic activity. 56 However EMG activity is very reduced during SWS and abolished during PS. Furthermore, intrahemispheric correlation decreased during PS instead of increasing as would be expected by the lack of electromyographic activity, and fast activity has also been obtained with MEG recordings [16] [17] [18] 20, 25 making improbable that present results come from EMG activity.
Present results demonstrate that synchronicity or temporal coupling of cortical EEG activity is modified by sleep stages in a state-dependent and a frequency-dependent manner. They indicate that, in addition to other neurophysiological changes (such as level of activation, metabolic rate, and sensory input), changes in temporal coupling of EEG among cortical regions form part of the global functional shifts of sleep. Present data also suggest that alteration of temporal relationships of the frontal lobes with perceptual regions is involved in cognitive distortions of dreaming during sleep.
